Abstract-The LHD is a fusion experimental facility using a large-scale superconducting coil system. The coil system includes six sets of superconducting coils, and six DC power supplies are used to charge them. For the current controllers of these power supplies, high accuracy of current control, fast response and robustness of the system are required. This paper describes the current control system for the LHD DC power supplies. First, the outline of the power system is presented, and then, the current controllers for the LHD are described. Finally, experimental results are presented and discussed in case of coil excitation using these control systems. The results show the various characteristics for each control system and indicate its possibility to control the system according to the requirements from a plasma experiment.
I. INTRODUCTION
T HE Large Helical Device (LHD) is a fusion experimental facility, which has a large-scale superconducting coil system, and it is now under operation at the National Institute for Fusion Science. This machine has twelve superconducting coils that form the magnetic field to confine the plasma. Regarding to the power supplies to excite these coils, six low voltage power supplies for steady state excitation were constructed and are now operating. For these power supplies, the following conditions were required; the steady state control error is less than 0.01% of the set value, the current settling time for 0.1% of control error is less than 1 second and the control system must be robust against turbulence caused by the plasma experiments. To resolve these requirements, some control systems are studied, designed and tested.
In the following sections, the outline of the control system for power supplies is introduced at first. Next, the estimation of circuit parameters needed to design a control system is described. Finally, the controller design and experimental results are presented. TABLE I  SPECIFICATIONS OF POWER SUPPLIES   TABLE II  ACCURACIES OF CURRENT CONTROL designated as OV, IS, IV, HO, HM and HI coils. Each power supply has a current sensor and a local voltage regulator, which controls the output voltage of power supplies. With this local regulator, the voltage drop in the circuit and a line voltage fluctuation are compensated, and each power supply can be handled as an ideal controlled voltage source. Table I shows the specifications of the power supplies.
II. OUTLINE OF THE LHD POWER SYSTEM
A current control program, which controls all power supplies, is installed as a software in a computer system that connected to the power supplies with communication lines. To the current controller, specifications shown in Table II where is a state vector, , , and are the matrix of the control gains. , , and demote the current reference, the actual coil current, the plasma current and the output voltage reference, respectively.
For some LHD plasma experiments such as a plasma current feedback operation, a current control scheme as used in steady state plasma operations cannot satisfy the requirements of dynamic characteristics and it is necessary to change the control scheme.
To swap a control scheme, internal variables in the controller must be initialized to suitable values to avoid the large voltage swing in transient state. Under the condition that , and the current control error is small enough, the state variable becomes as following; (3) where is a unit matrix. Therefore should be used as an initial value of .
For the control scheme, matrix becomes singular and cannot be derived with above equation. In this case, the state equations are transformed into the following forms, and the initial vector becomes calculable;
(5) (6) Fig. 2 shows an example of a waveform when the control scheme was swapped from a moderate gain control to a high gain control. Even though the moderate gain control causes a steady state error and it becomes an initial offset for high gain controller, each control scheme is designed as stable enough and does not cause any problem. With the ability to swap the current control scheme under the condition of the coil magnetization, the power system becomes more useful for plasma experiments.
III. PARAMETER ESTIMATION OF COIL SYSTEM
In the design of a control system, the electrical parameters of the superconducting coil system are required to determine the control gains mentioned above. The inductance matrix of superconducting coils was measured from the coil terminals [2] . Essentially helical type fusion plasma does not require plasma current but operations with plasma current are useful to study plasma dynamics. With this reason, some plasma experiments with plasma current were executed in the LHD. Fig. 3 shows the induction caused by the plasma current when the controller with , which will be mentioned in the following section, is used. In this figure, the curve of plasma current does not return to zero after a plasma operation because the signal of becomes too large and it exceeds the dynamic range of the system.
In this experiment, the induction to the coil current is observed only on the HI coil because the fast changing of the magnetic flux is shielded by the HI coil current. In this shot, the plasma current rises to 55 kA in 10 seconds and shuts down suddenly. The induced voltage caused by the plasma current change decreases the HI coil current at about 70 A if no current control is applied. This current deviation was detected by the coil current control system and the coil terminal voltages were induced to suppress this deviation. With this current control, the current deviation of HI coil is suppressed with a time constant of 10 s and the magnetic flux pass the HI coil. For HM and HO coils, interlinked flux changes with a time constant of 10 s and the induced voltage caused by this flux can be cancelled by the current regulator. Therefore, these two coils did not show significant current changes. When the plasma current disrupts, its induction increases the HI coil current. Fig. 4 shows plots of the coil current deviation when plasma experiments with a plasma current were done. The horizontal axis is for the HI coil and the vertical axis is for the IV coil, and the point of and is a steady state operation point. The plots exist surround a line with slope of 0.324 as shown in the figure. This means that the ratio of mutual coupling between plasma, HI and IV coils is constant, and the plasma can be described with a rigid coil when a control system is designed. The mutual inductances between plasma and coils are estimated by the following way.
When the plasma current is cut off, the interlinked flux to the coils should be kept constant because the time constant of the coil current control is sufficiently longer than the plasma current decay time. Therefore, the circuit equation in this situation is described as follows; where ,
, and are self-inductance of coils, mutual inductance between coils and plasma, coil current and plasma current respectively. With this relation, the mutual inductance between plasma and coils were estimated. Table III shows the estimated mutual inductances and they are about 70% of the calculated values using a plasma model with a line current. These differences between the experimental value and the calculated value may be caused by the difference of current distribution in the actual plasma and it in the circuit model.
IV. DESIGNED CURRENT CONTROL SCHEMES

A. Controller
First, the control scheme, which does not use a signal of the plasma current, is designed for this system. Although this control scheme is simple, it has an adequate performance for the steady state current control.
The current regulator used in this system is formed as follows;
where is an inductance matrix of the superconducting coils, is a resistance matrix, and k is the scalar control gain. From the equations, the control matrix in (1) and (2) are evaluated as follows;
The step response of the coil current is as following; (8) where is a characteristic time constant, is an initial value of . From this equation, it is clear that every coil current has the same response time and the balance of the coil currents is kept constant during the transient.
The control gain determining system response has an upper limit for the stability. This limit is determined due to the control theory as , where is a cut-off frequency of a low pass filter inserted to reduce noise. In the LHD power system, the is selected as 0.87 Hz, therefore the upper limit of is 1.3. The control scheme is obtained by the setting of in (7). In this control, the steady state control error remains as following; In this system, may become about 0.01% of when because the orders of and are and 1, respectively. Table IV shows the size of state vector and some characteristic parameters for each control system. The and controllers will be described later. When we use the control, is necessary to satisfy the required accuracy and response time as shown in the Table IV.
B. Controller
In the controller mentioned above, the control gain is limited by the stability requirement and the response time constant cannot be small. The design scheme is one of the solutions to manage both the robustness and fast response. We designed two of controllers, which have different characteristics, for the LHD power system. One, named as , is designed to keep the coil currents in constant even if the plasma current is excited. The another, named as , is designed to keep magnetic flux constant during a plasma experiment. Fig. 5 shows the induction caused by a plasma current when controller is applied and Fig. 6 shows the case when control is applied. In these figure, is the induced voltage to the plasma caused by the coil current change. Fig. 5 (a) shows that the coil currents were kept in constant while the plasma current ramps up and reaches flattop. When the plasma disrupts, the signal exceeds the dynamic range of the power system, the coil currents show some transient waveforms but it does not cause any instability in the current control system. When control is used, the magnetic flux generated by the plasma current passes through the superconducting coils, therefore only a small one turn voltage is induced to the plasma as shown in Fig. 5(b) . In Fig. 6 , which uses control, the coil currents were changed to keep the flux constant and terminal voltages were kept at almost zero, and the induced voltage to the plasma accelerates the plasma current. When this scheme is applied to the LHD, it is clear that the rebound of the coil current during plasma shut down is smaller than in the case of Fig. 6 or Fig. 3 , and the coil currents return to their references immediately.
V. SUMMARY
This paper describes the current control system in the LHD DC power system. To design the current controller, the electrical parameters of the coil system are estimated by experimental results and some types of controllers are designed. The test results show that these controllers are stable and they satisfy the requirements. The reaction caused by the plasma current is different for each control system, and the effect of difference in current response to the plasma characteristics will be studied.
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